for all dementias combined, adjusting for education. Conclusions: All neurologic diseases, including MCI, had increased mortality versus controls. A lower MMSE score and APOE4 presence predicted higher mortality for some patient groups.
Introduction
Survival of patients with neurodegenerative disease is important for projecting societal costs and the burden of disease. The survival of patients with neurodegenerative disease has been investigated in multiple studies of Alzheimer's disease (AD) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , possible AD [1, 2, [10] [11] [12] [13] , amyotrophic lateral sclerosis (ALS) [14] [15] [16] [17] , and Parkinson's disease (PD) [18] [19] [20] [21] [22] [23] [24] [25] [26] . There are 8 studies (5 in a review article) of survival of patients diagnosed with mild cognitive impairment (MCI) [27] [28] [29] [30] . There are also several studies with data on survival of frontotemporal dementia (FTD) patients [31] [32] [33] [34] , and 1 with data on survival of Lewy body disease (LBD) patients [35] .
Findings for median survival for these different diseases are not consistent in the literature cited above. Many studies do not report median survival time. Some studies calculate survival from time of referral, others from time of diagnosis, and others from time of symptom onset. Generally, ALS patients show the worst survival, with median survival from any starting point of about 2-3 years. Probable AD patients have a median survival from diagnosis on the order of 3-6 years [34] , although adjustment for 'length bias' (due to the omission of those with very poor survival from many databases) is likely to shorten this estimate [1] . One study indicated similar survival for possible and probable AD cases [9] . Data for survival for PD patients are sparse, but 1 study reported a median survival from time of diagnosis of 10 years [16] . Studies of MCI patients have not reported median survival, but indicate that the mortality of MCI patients is 50-100% higher than the mortality of controls. Median survival times must also be considered cautiously, as they are taken from Kaplan-Meier curves and are unadjusted for age, which usually plays an important role in survival.
Some studies have investigated the role of cognition [via the Mini Mental State Examination (MMSE), the most common measure] or genetics [most commonly via the presence of the apolipoprotein E4 (APOE4) allele] in survival. Several studies have found that lower initial MMSE scores were associated with higher mortality for AD patients [6, 13, 35] . Other studies have shown that a higher rate of decline in cognition predicts higher mortality in AD patients [36] [37] [38] [39] , although 1 did not [35] . The presence of 1 or 2 APOE4 alleles has been associated with increased mortality among AD patients in some studies (1 in males only) [35, 40, 41] , while other studies have found no association [42, 43] .
There is less information on the role of MMSE and APOE4 in survival for patients with other types of neurodegenerative diseases, or patients with MCI. There are 2 studies among PD patients indicating that cognitive impairment significantly increases mortality [44, 45] .
Here, we have investigated survival among a wellcharacterized population of patients at a referral center with possible AD, probable AD, FTD, LBD, PD, and MCI, as well as survival among controls. This population is larger than that observed in many other studies. We have also considered the role of demographic covariates, comorbidity, MMSE, and APOE4 in predicting survival. Many studies have not been able to evaluate the role of cognitive status and APOE4 in survival.
Methods
Patients with well-defined or suspected diagnoses of possible and probable AD, LBD, FTD, PD, or MCI, as well as controls, were selected from a research registry of subjects seen in the Neurology Department at Emory Wesley Woods Health Center (n = 3,581). Sixty-five percent of the patients' diagnoses were recently reviewed by Emory's Alzheimer Disease Center to achieve consensus on a research diagnosis. The remaining diagnoses are the clinical diagnosis at the time of last visit.
Patients were required to have been first seen between January 1, 1993 and December 31, 2004, and mortality follow-up was performed through December 31, 2006 . The controls were a convenience sample of volunteers who agreed to participate in the research registry, and were either friends or relatives of patients, or volunteers from the community.
Mortality follow-up was conducted by matching patient IDs with the National Death Index (NDI). Matching was done via Social Security Numbers when available or a combination of name, sex, and date of birth when the Social Security Number was not available. The NDI returns all possible matches and classifies them as either 'true' or 'false', with 'true' matching on most or all submitted identifiers, and further assigns subjects probability-of-matching scores. We generally accepted true match or nonmatch according to NDI's classification of 'true' or 'false', unless the data on probability of matching indicated a close call in which cases there was individual review. The NDI is the principal source of cause-of-death information in the US for deaths after 1978 and has been shown in studies submitting data on known decedents to provide complete and accurate death information [46] .
Cognition was assessed by the MMSE, and was available for 66% of subjects (69% with the exception of ALS patients, who were rarely administered the MMSE). The MMSE was generally given upon initial visit and annually thereafter. Data were available regarding APOE4 for 68% of the cohort. The main determinant of having APOE data was having volunteered to participate in research studies. Over 97% of subjects who had volunteered for research (65% of subjects) had APOE data, while only 16% of the remaining subjects had APOE data. A similar but not so extreme pattern was seen for MMSE, where 74% of research subjects had MMSE data, compared to 51% of nonresearch subjects. Those missing MMSE among nonresearch subjects were predominantly ALS patients and controls (both missing in over 90% of subjects), among whom the MMSE is not usually administered. Among the remainder of nonresearch subjects, the percent missing MMSE was similar to research subjects, i.e., 25%.
Comorbidity data were also available for 77% of the cohort. These data were available as 'disease present' or 'disease absent' for heart disease, stroke, diabetes, and hypertension; 4 variables for these 4 diseases were entered simultaneously in all models controlling for comorbidity. These data came largely from self-report at the time a subject was enrolled as a research volunteer in the Neurology Clinic, although some subjects had further exams which either led to confirmation or changing the original self-report.
Multivariate Cox regression analyses, using SAS PHREG, were run for all disease groups versus controls. Covariates for race, sex, and education were included in all models, age was either controlled via matching or was entered in the model, and some models also examined comorbidity (available for 77% of the cohort), MMSE, and APOE4. The time variable for Cox regression was usually age, which had the effect of matching on age. Risk sets were formed for each case based on surviving past the age at which the case died. Time at risk began at the time of first visit. We also conducted one set of analyses in which age was one of the variables of interest, and in this analysis the time variable was the follow-up time from initial visits.
In analyzing the effect of MMSE or APOE4 by disease group, when an adequate distribution of MMSE scores was available, we used cut points 0-19, 20-24, and 25-30 (the referent). For those disease groups without an adequate distribution of scores we used 0-24 and 25-30 (referent). Tests for trend with MMSE were evaluated by the p value for the coefficient for MMSE as a continuous variable.
Kaplan-Meier survival curves were generated to evaluate the survival of each disease group; survival time began at the time of first visit to the clinics. Median survival times were calculated using the midpoint of the 2 time points around the 50% intersection of the survival curve. Median survival could not be calculated for MCI patients and controls because the survival function did not reach 50% (too few deaths). In addition, life table analyses were run for each group using the National Institute for Occupational Safety and Health Life Table Analysis System. Standardized mortality ratios (SMRs) were calculated by comparing the study subjects to the national population stratified by age (5-year categories), race, sex, and calendar period. SMRs are essentially the mortality rate of the disease group (deaths/person-time at risk, which begins at the time of first visit) divided by the mortality rate of the US population of similar age, race, sex, and calendar year.
Results
The NDI returned death matches on 30% of the cohort. After review of questionable matches, we reclassified 69 records incorrectly classified as nonmatches, for a false negative rate of 6.9% (false negatives divided by true positives). We found no false positives. Table 1 provides descriptive statistics for the cohort. The largest group in the cohort was made up of individuals diagnosed with probable AD, followed by the control and PD groups. The cohort was followed for an average of 4.1 years, and slightly more than half of the cohort was female, with larger percentages in the AD and control groups.
As noted, 66% of the cohort had at least 1 MMSE, generally taken at the time of initial visit, while 68% were genotyped for APOE. We explored reasons for missing any data on MMSE and found no correlation with age, sex, or race. As expected, ALS patients were far less likely than other patient groups to have an MMSE; controls were also less likely to have an MMSE than most patient groups since the cognitive assessments were often obtained for clinical purposes. Controls, MCI, probable AD, and ALS were less likely to have data on APOE than other disease categories. Table 2 shows the distribution of education and comorbidities in this population; these were covariates in- cluded in some regression models. The two AD groups had lower education than the other disease groups, as might be expected from the literature suggesting that lower education is a risk factor. ALS patients had an elevated prevalence of diabetes, heart disease, and hypertension relative to other groups. Figure 1 shows the Kaplan-Meier survival curves for this population, with survival time beginning at the time of first visit. The median estimated survival times from initial visit for PD, FTD, probable AD, possible AD, LBD, and ALS were 8.9, 7.0, 5.9, 5.6, 5.3, and 2.7 years, respectively. Median survival time for MCI and controls could not be reliably calculated due to the relatively small number of deaths. However, neither the curves nor the median survival times are corrected for age (the most important covariate), race, sex, or education. Table 3 shows the ratio of the mortality rate of each group to the mortality rates of the US population (the SMR for all causes combined), adjusted for age, race, sex, and calendar time. It also shows the mortality rate of each group compared directly to controls via the RR. Compared to the US population, ALS patients have the highest mortality, FTD the next, while LDB, PD, possible AD, and probable AD follow in that order. MCI patients and controls have borderline significant or significantly lower mortality than the general population, likely reflecting a relatively healthy base population which reaches an academic medical center, as well as possibly a 'healthy volunteer' effect for the controls. The pattern for RRs, comparing each group to the controls, is the same as for the SMRs. ALS has the highest mortality, and MCI the lowest, relative to controls. Adjustment for comorbidity did not change these results appreciably, and was omitted in final models. Table 4 shows the effect of age, race, sex, education, and comorbid conditions on mortality for each of the disease groups and controls. A higher age increases risk significantly for a majority of diseases, while female gender was significantly protective for FTD, probable AD, and controls. Non-white race and increased education were significantly associated with lower mortality in probable AD, while education was also associated in controls. The presence of stroke was associated with increased mortality in both ALS and probable AD. No comorbid conditions were important in either LBD or possible AD.
There is a significantly increased mortality for those with lower MMSE scores at the time of initial visit for probable AD, PD, and LBD ( table 5 ). For the AD patients, there is a significant trend of increased mortality when MMSE is entered in the model as a continuous variable, despite the apparent lack of trend in the categorical analysis, presumably reflecting the large number of AD patients. The decreased risk of death of controls with lower MMSE is probably due to chance, as the confidence interval is very wide.
We explored further the effect of race on mortality by patient group, while controlling for initial MMSE, age, and sex. For possible and probable AD combined, nonwhites (largely African Americans) had a borderline significantly decreased risk of mortality (RR = 0.83, 0.67-1.03). Combining all the dementias (possible AD, probable AD, LBD, and FTD), non-whites also had a significantly decreased risk of dying (RR = 0.80, 0.64-0.92). In contrast, among controls, non-whites had a borderline increased risk of dying (RR = 2.29, 0.98-5.36). These findings persisted when education, which is correlated with race, was entered into the model. Table 6 shows that the presence of the APOE4 allele is associated with a significantly increased mortality risk for PD and LBD patients after adjusting for race, sex, education and age via matching in Cox regression. It is also close to significance (at the 0.05 level) for ALS patients.
We also explored interactions between APOE4 and initial MMSE, but did not see any convincing patterns. We also adjusted the APOE4 findings for MMSE instead of education, but this caused a significant loss of data and did not change results remarkably.
Discussion
Strengths of our study include use of a well-characterized patient population with relatively large numbers of subjects, including those with MMSE and APOE data. Limitations include a lack of data on disease onset, and small numbers for some disease groups (possible AD, LBD, dementia with Lewy bodies). The lack of data on disease onset is a limitation shared by many studies that analyze mortality of patients with neurodegenerative disease, in particular those that are based in referral clinics such as our own. The length of follow-up in our study (mean 4.1 years), although shorter than desired, nonetheless was sufficiently long such that 30% of subjects died, providing enough deaths to allow reasonable statistical power for most analyses.
Our findings of very high mortality for ALS patients, and markedly high mortality for FTD patients, generally conform to the literature. Our observation of higher mortality among FTD patients compared to AD patients corresponds to 2 earlier findings [31, 34] , but differs from another [33] , which reported similar mortality in these two groups. The small sample size of the latter study may account for this difference. Other authors have found faster decline in FTD compared to AD for measures other than survival [47, 48] .
Our findings parallel those of Claus et al. [11] in indicating that possible AD and probable AD cases have similar mortality. Our observation of a significant 59% excess of mortality for MCI patients compared to controls also parallels other such findings in the literature [27] .
It should be noted that our population was better educated than the US general population, reflecting the fact that the Emory is a referral center for patients with neurodegenerative disease and its patients have relatively more resources than other patients. Restricting our population to those alive and aged 75 years and older in 2005, the percentages with less than high school education, high school or some college, and college degree or more were 20, 30, and 50%, respectively. The corresponding numbers for the US population in 2005 were 29, 48, and 23% (www.census.gov/population/www/socdemo/education/cps2005.html). Among our population, the controls were the best educated (9, 28, and 63%, respectively), reflecting the well-known 'healthy volunteer effect' [49] . This probably accounts for the fact that controls in our population had a mortality rate which was only 57% of the corresponding US mortality rate matched for age, race, sex, and calendar time, since it is well known that education is a strong determinant of mortality [50] . Our findings that worse initial MMSE shortens survival for probable AD patients is supported by the prior literature. Our observations that a lower initial MMSE shortens survival for PD patients (significant at the 0.05 level), FTD patients (borderline significant), and MCI patients (borderline significant) represent new findings, although there are 2 studies among PD patients indicating that cognitive impairment significantly increases mortality [44, 45] . Roberson et al. [34] did not find an effect of MMSE on survival in FTD patients.
Our finding of a negative effect of the APOE4 allele on survival in PD patients has been seen in 1 prior study [51] . Another study also found that APOE4 increased the risk of psychosis in PD patients [52] . On the other hand, our finding of an increased risk of mortality for LBD patients, and to some extent for ALS patients, does not appear to have been reported earlier.
Our lack of findings of many effects of comorbidity on survival may reflect the limited data available on comorbidity, which came largely from self-reports. As self-reports may be inaccurate, this may have contributed to some misclassification of comorbidity, which would tend to obscure comorbidity effects (bias to the null). Furthermore, the lack of data on severity of comorbidity may have limited our ability to detect comorbidity effects.
Our finding that non-whites (predominantly African Americans) with dementia had lower mortality rates than whites, even after controlling for initial cognitive status, parallels 2 recent studies [9, 10] . It also indirectly parallels recent US mortality data which show that non-whites in the US have half the death rates from AD compared to whites, after controlling for education [49] . The mortality data contrast with AD incidence data, where African Americans have the same or higher incidence rates than whites [53] [54] [55] [56] . This difference suggests the possibility of better survival of African Americans, although differential coding of AD by race on death certificates is another explanation. This finding contrasts with the effect of race on mortality in controls, where non-whites have much higher mortality, as is true in the general population.
The reasons for the improved survival in non-whites versus whites among patients with neurodegenerative disease are not known. Authors of the 2 other survival studies [9, 10] with this finding have speculated that possible reasons include (1) better comorbidity profile among non-whites, or receiving more aggressive therapy for their comorbidities, (2) underlying unknown genetic variants which affect survival, (3) differences by race in decisions about prolonging life after AD onset, or (4) earlier detection of disease (and hence longer apparent survival) among non-whites. Our data have been adjusted for comorbidity, so it seems that explanation 1 above is unlikely. The other 3 hypotheses are not testable in our data. Hence, more investigation is needed to address the cause of racial differences in survival among individuals with neurodegenerative disease.
